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Abstract
Pretreatment of lignocellulosic biomass is a critical step in removing 
substrate-specific barriers to the cellulolytic enzyme attack. The study compared 
the effectiveness of microwave-assisted alkali pretreatment and alkali treatment 
in the enzymatic saccharification of canola straw and oat hull. Microwave 
pretreatments were employed by immersing the biomass in dilute alkali solutions 
(NaOH and KOH) at concentrations of 0, 0.75, and 1.5% (w/v) for microwave-
assisted heating times of 6, 12, and 18 min. Alkali treatments were carried out 
using the same procedure but by soaking and without microwave heating. The 
highest glucose yields after enzymatic saccharification of both canola straw 
and oat hull were obtained when these feedstocks were ground using 1.6 mm 
hammer mill screen size and subjected to microwave-assisted alkali pretreatment 
using 1.5% and 0.75% NaOH for 18 min, respectively. SEM analysis indicated a 
more significant modification in the structure of biomass samples subjected to 
microwave-assisted alkali pretreatment compared to untreated and alkali-treated 
biomass samples. Results indicated that microwave-assisted alkali pretreatment 
with short residence time is effective in improving the glucose yield of canola 
straw and oat hull during enzymatic saccharification.
Keywords: microwave, lignocellulosic biomass, pretreatment, glucose yield
1. Introduction
Lignocellulosic biomass is widely available, abundant at low cost, and a possible 
source of energy that is estimated to contribute up to 10% to 14% of the global energy 
supply [1, 2]. Sustainable biofuel and biomass-based transport fuel produced from 
cellulosic biomass is an energy-dense fuel characterized by lower carbon emissions 
compared to fossil-based petroleum [3]. Research reports indicated that global biofuels 
supply since 2000 has increased by a factor of 8% to equal 4% of the transport fuels in 
2015 [4, 5]. Furthermore, technologies aimed at converting agricultural biomass into 
bioethanol and bioproducts are being developed using different techniques [6].
The production of bioethanol from lignocellulosic biomass utilizes biotechno-
logical techniques to convert carbohydrate polymers in biomass into fermentable 
sugars, which are subsequently used for the production of ethanol and other 
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bioproducts [7]. According to a review by Sarkar et al. [8], there is a transitional 
shift of energy source by many countries from fossil fuels to renewable sources due 
to environmental challenges associated with fossil fuels. Liu et al. [1] reported that 
bioenergy production has the potential to minimize the emission of greenhouse 
gases (GHG), and governments have used mandates to encourage biofuel produc-
tion. The total biomass production in Canada was estimated to be 37.3 million 
metric tons (MT) and is dominated by agricultural and forestry residues. Research 
on the use of cellulosic biomass from the Canadian agricultural sector to produce 
energy, including bioethanol, is on-going [1]. However, the economic and environ-
mental sustainability of bioethanol conversion from biomass may be affected by 
pretreatment efficiency, cost, and enzyme preparation [9, 10].
The production of biofuels is carried out using various feedstocks through 
thermochemical and biochemical conversion. Pre-processing and biochemical 
pretreatment increase the accessibility of cellulase enzymes that convert cellulose 
into glucose [11]. The extent of glucose production is dependent on the type of 
feedstock used. Several research groups have already examined pretreatment using 
microwave heating on various feedstocks and have reported suitable glucose yields 
[12]. However, there is no information on the use of microwave-assisted alkali 
pretreatment and enzymatic saccharification of oat hull or canola straw.
Lignocellulosic biomass must be pretreated to increase the accessibility of the 
carbohydrate fraction and modify or partially remove lignin prior to converting 
the components into final market products such as bioethanol, biopower, and 
bioproducts [13]. Pretreatment can be carried out in the form of physical, chemical 
or physico-chemical processes (mechanical, extrusion, alkali, microwave-assisted, 
organic solvent, and lime treatments) and biological pretreatment methods. Also, 
combinations of pretreatments have been reported, and many studies are still on-
going [12, 14]. According to Alvira et al. [14], microwave pretreatment technology 
shows highly increased accessibility of the surface area, cellulose decrystallization, 
lignin removal, and structural alteration. The method also features low hemicel-
lulose solubilization and minimal production of toxic compounds compared to 
other pretreatment methods. Microwave-assisted alkali pretreatment penetrates 
the biomass, thereby causing direct vibration of the molecules and fast heating and 
break-down of the lignocellulosic cell wall structure [15, 16]. Microwave heating 
combined with chemical treatment showed high carbohydrate recovery. The yield 
of carbohydrates upon alkaline pretreatment is dependent on the feedstock used 
[17, 18]. The study aimed to investigate the effects of microwave-assisted alkali 
(sodium and potassium hydroxide) pretreatment and alkali treatment alone (no 
heating) on glucose yield during enzymatic saccharification of canola straw and oat 
hull. The morphology and structural changes of canola straw and oat hull biomass 
after pretreatment were analyzed using scanning electron microscopy (SEM).
2. Materials and methods
The experiments were performed in triplicates, and the data reported were 
expressed in mean values and standard deviation. The lignocellulose composition of 
the canola straw and oat hull, including their hydrolyzed residues, is expressed on a 
dry weight basis.
2.1 Feedstock collection and conditioning
Dried canola straw was collected from the black soil zone in Maymont, SK and 
oat hull was sourced from Richardson Milling Ltd., Martensville, SK and stored at 
3
Enzymatic Saccharification of Canola Straw and Oat Hull Subjected to Microwave-Assisted…
DOI: http://dx.doi.org/10.5772/intechopen.96394
room temperature. The biomass samples ground using a hammer mill (Glen Mills 
Inc., Clifton, NJ) with screen sizes of 1.6 and 3.2 mm. The physical properties of 
canola straw and oat hull were reported in Agu et al. [19].
2.2 Alkali pretreatment
Samples of ground canola straw or oat hull (20 g) were mixed with 180 g of 
NaOH or KOH solutions at concentrations of 0, 0.75, and 1.5% (w/v). Each mixed 
sample was placed in a 600 ml beaker covered with aluminum foil and incubated at 
room temperature for soaking times of 6, 12, and 18 min. The process was replicated 
three times. The moisture of the pretreated samples was determined using ASAE 
S358.2 [20]. The alkali-treated samples were dried and conditioned, as reported in 
Agu et al. [19], followed by lignocellulose analysis using the National Renewable 
Energy Laboratory (NREL) standard [21] and subsequent enzymatic saccharifica-
tion (see below).
2.3 Microwave-assisted alkali pretreatment
Microwave-assisted alkali pretreatment was carried out on the ground canola 
straw and oat hull using a microwave oven (Model NNC980W 2450 MHz, 
Panasonic Canada Ltd., Mississauga, ON). Microwave power was set at 713 W 
based upon previous experiments [19]. Twenty grams of sample (ground canola 
straw or oat hull) were mixed in 180 g of NaOH or KOH solutions at concentra-
tions of 0, 0.75, and 1.5% (w/v). The mixture was heated in the microwave oven 
with constant rotation for heating times of 6, 12, and 18 min. The pretreatment 
process was replicated three times. After the pretreatment, the sample was dried 
to 12% w.b. using an air oven at 42 °C; after cooling, the sample was stored in a 
sealed plastic bag as reported in Iroba et al. [22]. The sample was subjected to 
composition analysis followed by enzymatic saccharification and glucose yield 
analysis.
2.4 Enzymatic saccharification
Enzymatic saccharification of microwave pretreated and alkali-treated 
samples was conducted using cellulase (C2730-50 ml, cellulase from Trichoderma 
reeseiATTC 26921, Sigma-Aldrich Co., St. Louis, MO) and β-glucosidase (C6105-
50 ml, Novozyme 188, Sigma-Aldrich Co., St. Louis, MO). Cellulase activity is 
measured in filter paper units (FPU Eq. (1)) [23]. The products of the enzymatic 
saccharification were quantified using the total reducing sugar, as reported by 
Wood et al. [24].
  ( )540
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1 1






     =         

µ   (1)
where FPU/ml is the determined cellulase activity; A540 sample is the absor-
bance at 540 nm observed for a 1 mg glucose standard; 5.55 μmole/mg equates 
to the number of μmole of glucose in 1 mg, and X ml (0.02 ml) the volume of 
cellulase used. According to the NREL protocol [25], the reactions were done and 
included a 2% sodium azide solution to prevent microbial growth during incuba-
tion [26]. A 20 μl aliquot of the reaction products was collected and prepared for 
the DNS assay in a microplate format [23, 24]. Three replicates of each sample were 
analyzed.
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2.5 Chemical composition analysis
The NREL standard was used to determine the chemical composition of 
microwave-alkali pretreated and alkali-treated biomass samples [21], and the 
sample selection was based on canola straw or oat hull pellet quality [19]. The lignin 
determination process and the calculation of acid-insoluble lignin content of the 
samples were done using the methods reported in Iroba and Tabil [27] and Sluiter 
et al. [21]. Briefly, 0.3 g of dried biomass sample was slurried in 72% H2SO4 and 4% 
H2SO4, autoclaved, and solids separated by filtration. The solid material was then 
dried in the air over at 105 °C for 24 h. Acetone was evaporated at room temperature 
for 3–4 h, and the solids left oven-dried at 105 °C for 24 h. The data was used to 
calculate acid-insoluble lignin content in the samples [21].
Glucose, xylose, galactose, mannose, and fucose were quantified using the 
Waters Acquity UPLC – MS system (Acquity 2004–2010, Waters Corp., Milford, 
MA) according to NREL/TP-510-42618 [21]. Carbohydrate standards were 
prepared at ~1 mg/ml each and evaluated under the same conditions. Integrated 
peak areas for each of the monosaccharides were used to evaluate the data and 
quantify the sugar content [21]. Three replicate measurements were conducted for 
each sample.
2.6 Statistical analysis
In this study, response surface methodology (RSM) was used to design experi-
ments, build models, and evaluate the effect of factors. User-Defined Design 
(UDD) was used to study the effect of independent variables (microwave heating 
time or soaking time and alkali concentration) on the response and factor interac-
tions with different combinations of variables (cellulose, hemicellulose and lignin) 
[19]. The analysis of variance (ANOVA) or quadratic model was applied to the 
polynomial (p < 0.01 and p < 0.05) to evaluate the effect of each independent 
 variable against the responses.
2.7 SEM analysis of biomass sample
Analysis of the ground and pretreated canola straw and oat hull structure was 
carried out using a JEOL-6010LVscanning electron microscope (JEOL USA Inc., 
Peabody, MA) at 5 kV. All samples were sputter-coated with a thin layer of gold 
before imaging at 250 and 500x magnification.
3. Results and discussions
3.1 Chemical composition of biomass samples
Lignocellulosic biomass is composed essentially of cellulose and lignin matrix-
bound by hemicellulose. The pretreatment process helps to disintegrate the cell 
wall structure, allowing enzymes to access the carbohydrate polymers for micro-
bial utilization [7, 28]. The chemical compositions of MW-alkali pretreated and 
alkali-treated canola straw and oat hull are presented in Table 1. MW heating and 
alkali treatment enhanced the breakdown of the lignin and hemicellulose in alkali 
solutions [29, 30]. The proportional content of cellulose increased with increasing 
alkali concentration and microwave pretreatment time, while the lignin content was 
inversely related to microwave pretreatment time and alkali concentration. Alkali 
treatment caused an apparent increase in the proportional cellulose content with 
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decreasing alkali concentration and lower soaking times, while the hemicellulose 
and lignin contents decreased with longer soaking times and decreasing alkali 
concentrations. The lignocellulosic changes suggest that there is a breakdown in the 













A 0.75% NaOH 6 79.9 (1.9) 8.5 (7.5) 7.9 (1.4)
A 0.75% NaOH 18 69.7 (5.1) 6.0 (5.2) 6.6 (4.1)
A 1.5% KOH 12 69.2 (1.0) 9.8 (8.6) 8.8 (1.2)
A 1.5% KOH 18 61.3 (16.7) 8.2 (9.0) 8.3 (1.4)
MWA 1.5% NaOH 18 59.1 (0.5) 9.4 (8.3) 4.3 (1.2)
MWA 1.5% NaOH 6 37.8 (3.1) 7.2 (6.5) 4.7 (0.6)
MWA 0.75% KOH 12 53.6 (9.2) 10.6 (9.2) 5.8 (0.3)
MWA 1.5% KOH 6 56.9 (17.0) 7.7 (9.0) 4.6 (0.5)
Oat hull 
1.6 mm
A 0.75% NaOH 18 67.9 (23.1) 14.4 (14.6) 11.5 (0.8)
A 1.5% NaOH 12 62.4 (0.1) 21.4 (23.6) 11.2 (2.7)
A 0.75% KOH 6 64.7 (1.4) 12.0 (11.0) 10.9 (2.1)
A 0.75% KOH 12 37.0 (18.8) 10.3 (10.6) 13.4 (1.8)
MWA 0.75% NaOH 18 42.8 (11.3) 15.6 (13.8) 6.3 (1.0)
MWA 1.5% NaOH 18 37.1 (8.5) 14.3 (12 .6) 4.2 (1.2)
MWA 1.5% KOH 18 56.4 (17.9) 16.0 (13.8) 4.8 (0.9)




A 1.5% NaOH 6 54.1 (6.7) 10.4 (11.2) 9.2 (1.6)
A 1.5% NaOH 18 82.2 (3.9) 7.3 (7.0) 6.9 (3.0)
A 0.75% KOH 6 68.1 (8.4) 9.2 (9.1) 9.1 (0.9)
A 1.5% KOH 6 46.6 (1.5) 9.7 (8.4) 8.2 (1.2)
MWA 0.75% NaOH 12 54.2 (2.3) 6.7 (5.8) 5.1 (0.6)
MWA 0.75% NaOH 6 38.2 (2.7) 8.7 (7.5) 5.3 (0.3)
MWA 0.75% KOH 12 30.8 (2.9) 13.8 (13.0) 5.0 (1.6)
MWA 1.5% KOH 6 63.4 (35.0) 10.3 (9.2) 4.4 (0.5)
Oat hull 
3.2 mm
A 0 6 41.5 (2.1) 9.5 (8.4) 11.7 (1.3)
A 1.5% NaOH 6 66.9 (8.3) 20.1 (17.4) 9.8 (3.4)
A 1.5% NaOH 18 57.0 (3.5) 14.1 (13.2) 11.8 (0.6)
A 0.75% KOH 12 57.2 (17.2) 24.8 (23.7) 13.7 (2.3)
MWA 0.75% NaOH 6 22.7 (11.0) 12.9 (14.4) 6.8 (2.2)
MWA 1.5% NaOH 18 48.7 (8.3) 14.4 (13.3) 5.1 (0.8)
MWA 0.75% KOH 12 47.9 (18.2) 16.0 (16.0) 5.4 (0.6)
MWA 1.5% KOH 18 62.6 (2.0) 10.4 (18.0) 6.4 (1.3)
A: Alkali treatment; MWA: Microwave-assisted alkali pretreatment.
aMean ± standard deviation of three replicates.
Table 1. 
Chemical composition (% dry basis) of alkali treatment and microwave-assisted alkali pretreatment of canola 
straw and oat hull 1.6 mm screen size.
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[19, 28–31]. The solubilization of lignin in microwave alkali pretreated canola straw 
and oat hull samples were lower than the corresponding alkali-treated biomass. The 
decrease in lignin content suggests that the aqueous alkaline solution solubilized the 
lignin. The apparent increase in cellulose content is likely explained by the solubi-
lization of other cell wall components in the alkali solution. The microwave alkali 
pretreatment was more effective in solubilizing hemicellulose and lignin in canola 
straw compared to oat hull samples. Hence, similar results were observed with alkali 
treatment. MW-assisted alkali pretreatment of canola straw and oat hull resulted in 
higher solubilization of cellulose, along with a decrease in lignin and hemicellulose. 
The MW heating pretreatment results support structure breaking reactions [19]. 
Singh and Bishnoi [7] observed a similar effect when optimizing MW alkali pre-
treated wheat straw for ethanol production. Canola straw samples showed higher 
solubilization with the alkali solutions compared to oat hull in MW-assisted alkali 
pretreatment and alkali treatment processes. Furthermore, the NaOH solution was 
more effective in MW-assisted alkali pretreatment and alkali treatment of canola 
straw and oat hull.
3.2 Estimation of the chemical composition of biomass
Results obtained showed the highest lignocellulosic solubilization from canola 
straw samples under both treatment conditions. The response variable obtained was 
expressed as a function of independent variables reported by Agu et al. [19]. The 
ANOVA p-value and R2 results of the quadratic models suggested that the models 
were significant in both samples (Tables 2 and 3). The independent variables had 
a significant influence (p < 0.05) on the solubilization of cellulose, hemicellulose 
and lignin in both samples. The highest R2 values 0.899 and 0.868 for cellulose, 
0.883 and 0.882 for hemicellulose, and 0.876 and 0.817 for lignin demonstrate the 
accuracy of the model. The high R2 values suggested better precision and reliability 
of the experimental values obtained [32, 33]. The interaction effect of variables on 
cellulose, hemicellulose, and lignin were studied by plotting three-dimensional sur-
face curves to depict levels of interaction of each variable for maximum response. 
Representative surface plots showing the interaction of a pair of factors on the 
chemical composition of MW-assisted alkali pretreated and alkali treated canola 





Parameters C H L
Canola straw 
1.6 mm
NaOH Model 0.030 0.033 0.024
Alkali conc. 0.052 0.024 0.035
MW time 0.021 0.039 0.041
R-Square 0.868 0.852 0.805
Oat hull 3.2 mm NaOH Model 0.049 0.026 0.045
Alkali conc. 0.011 0.049 0.040
MW time 0.033 0.048 0.042
R-Square 0.838 0.882 0.817
C: Cellulose; H: Hemicellulose; L: Lignin; Alkali conc.: Alkali concentration.
Table 2. 
ANOVA P-value and R2 for the response surface methodology quadratic model for the chemical composition of 
MW-assisted alkali pretreated canola straw and oat hull.
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3.3 Effect of interaction on response variables
The response surface plots in Figure 1a and b show the effect of the interactions 
between MW heating time and alkali concentration on cellulose, hemicellulose, 
and lignin of canola straw and oat hull pretreated in NaOH and KOH solutions. The 
plots show that there were notable interactions among the variables in both samples. 
Increasing the alkali concentration and MW heating time showed higher solubiliza-
tion of cellulose, hemicellulose, and lignin contents in canola straw and oat hull. 
The response surface plots in Figure 2a and b show the effect of the interactions 
between soaking time and alkali concentration on chemical cellulose, hemicel-
lulose, and lignin of canola straw and oat hull soaked in NaOH and KOH solutions. 
The 3D response surface plots of the samples show different shapes of interactions 
when compared with MW pretreated samples. The interaction effect between 
soaking time and alkali concentration on both samples significantly influenced the 
response variables. Decreasing the alkali concentration and soaking time increased 
the proportional content of cellulose. The hemicellulose and lignin contents plots 
resulted in longer soaking times and decreased alkali concentrations. Generally, the 
interaction plot curves of canola straw and oat hull samples significantly influenced 
the hemicellulose and lignin contents regardless of the alkaline concentration, MW 
heating or soaking time.
3.4 Glucose yield
Microwave-assisted pretreatment was investigated due to its rapid heating 
efficiency in disintegrating the ultrastructure of cellulose. Several studies have 
combined the technique with alkali pretreatment. The results showed an accelerated 
chemical reaction rate in lignin removal and partial degradation of hemicellulose 
depending on the type of feedstock used [34]. NaOH and KOH at various concentra-
tions with MW heating of canola straw and oat hull at different heating and soaking 





Parameters C H L
Canola straw 
1.6 mm
KOH Model 0.016 0.018 0.014
Alkali conc. 0.025 0.028 0.023
Soaking time 0.059 0.051 0.053
R-Square 0.883 0.853 0.865
Canola straw 
3.2 mm
KOH Model 0.025 0.012 0.016
Alkali conc. 0.016 0.045 0.038
Soaking time 0.038 0.018 0.025
R-Square 0.899 0.883 0.856
Oat hull 3.2 mm NaOH Model 0.039 0.038 0.039
Alkali conc. 0.047 0.043 0.046
Soaking time 0.012 0.013 0.013
R-Square 0.875 0.878 0.876
C: Cellulose; H: Hemicellulose; L: Lignin; Alkali conc.: Alkali concentration.
Table 3. 
ANOVA P-value and R2 for the response surface methodology quadratic model for the chemical composition of 
alkali-treated canola straw and oat hull.
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were subjected to cellulase hydrolysis to convert cellulose to glucose. The data shown 
in Figures 3 and 4 indicate that the microwave-assisted alkali pretreated samples 
yielded a higher level of reducing sugars compared to alkali-treated samples. 
Figure 3 shows the highest glucose yield (110.05 mg/g for one-gram canola straw) 
obtained after pretreatment with 1.5% NaOH concentration for 18 min. The glucose 
yield (96.77 and 110.05 mg/g for one-gram canola straw) increased after 6 and 
12 min of pretreatment, respectively. In alkali treatment, the glucose yields recorded 
Figure 1. 
Surface plot of the effects of alkali concentration and MW heating time on chemical composition. (a) canola 
straw (NaOH) and (b) oat hull (KOH).
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similar results after treatments with 0.75% and 1.5% NaOH and KOH concentra-
tions with longer soaking time for canola straw ground using 1.6 mm screen size.
Figure 4 shows the highest glucose yield (99.10 mg/g for one-gram oat hull 
sample) obtained after pretreatment with 0.75% NaOH concentration for 18 min. 
Extending the residence time from 6 to 18 min increased the sugar yields in 
Figure 2. 
Surface plot of the effects of alkali concentration and soaking time on chemical composition. (a) canola straw 
(NaOH) and (b) oat hull (KOH).
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treatments using 0.75% NaOH and in both ground samples. Similar results were 
reported in Agu et al. [19] using MW-assisted alkali and distilled water pretreated 
canola straw and oat hull biomass. For alkali-treated samples, a shorter soaking 
time with 1.5% NaOH concentration resulted in high glucose yield in samples 
ground with a 3.2 mm screen size. Aguilar-Reynosa et al. [15] studied MW-assisted 
pretreatment of corn stover and reported the glucose yields achieved at reduced 
residence time (10–50 min). On the other hand, Rodrigues et al. [34] studied 
cashew apple bagasse MW-assisted pretreatment, and Hu and We [35] reported on 
switchgrass pointing out that glucose yield in both studies increased with increasing 
alkali concentration and with pretreatment time. To further evaluate the pretreat-
ment alkali reagents, total glucose yields and glucose digestion from the enzymatic 
saccharification of pretreated biomass substrates compared with alkali-treated 
biomass substrates are given in Figures 5 and 6. Overall glucose yields of microwave 
Figure 3. 
Glucose production from enzymatic saccharification of microwave-assisted alkali pretreated and alkali treated 
ground canola straw. MW-A: Microwave-assisted alkali pretreated; AT: Alkali treated.
Figure 4. 
Glucose production from enzymatic saccharification of microwave-assisted alkali pretreated and alkali treated 
ground oat hull. MW-A: Microwave-assisted alkali pretreated; AT: Alkali treated.
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pretreated canola straw with NaOH and KOH pretreatments were 210.75 and 
207.07 mg/g, and oat hull total glucose yields with NaOH and KOH pretreatments 
were 175.96 and 300.30 mg/g. These yields are substantially higher than the yield 
from alkali-treated canola straw and oat hull with NaOH and KOH pretreatments 
(109.88 and 140.91, and 102.28 and 23.47 mg/g). For both feedstocks, total glucose 
yield and digestion overall were higher with KOH pretreatments over pretreatment 
with NaOH. A similar result was obtained with alkali treatments.
3.5 Scanning electron microscopy analysis
Figures 7 and 8(a-c) show the SEM images for the cross-sectional area of untreated 
ground, alkali-treated, and MW-assisted alkali pretreated canola straw and oat hull bio-
mass at 250x and 500x magnifications, respectively. It was observed that both untreated 
ground canola straw and oat hull samples showed undamaged surfaces, smooth and 
no cracks (Figures 7a and 8a). Alkali-treated samples in Figures 7(b) and 8(b) show 
many induced physical changes on the surfaces of the biomass. Soaking of canola straw 
and oat hull in alkali solution caused breakage and cracks of the cell walls, and slight 
erosion of micro-fibrils, especially on oat hull samples. MW-assisted alkali pretreated 
samples in Figure 7(c) shows detached fibres with an altered fibrillar structure of the 
Figure 5. 
Glucose production from enzymatic saccharification of microwave-assisted alkali pretreated and alkali treated 
canola straw and oat hull. MW-A: Microwave-assisted alkali pretreated; AT: Alkali treated.
Figure 6. 
Glucose digestion from enzymatic saccharification of microwave-assisted alkali pretreated and alkali treated 
canola straw and oat hull. MW-A: Microwave-assisted alkali pretreated; AT: Alkali treated.
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distorted cell walls for canola straw samples, and Figure 8(c) for the oat hull sample 
shows porous development on surfaces. Hence, the SEM images revealed the disrup-
tive effects of the MW-assisted alkali pretreatment and alkali treatment (no heating) 
on the surface of the samples, which subsequently changed the canola straw and oat 
hull compositions. These observations were concordant with the positive effects of 
microwave-assisted alkali pretreatment on the improved enzymatic digestibility of 
canola straw and oat hull [19, 30, 31]. Furthermore, the chemical treatment using alkali 
solutions (NaOH/KOH) developed deep cracks on the biomass, increasing the surface 
area to facilitate lignocellulose disruption, a prerequisite to improving enzymatic reac-
tions. Similar observations have been reported in various studies [36, 37].
4. Conclusions
This study showed that microwave-assisted alkali pretreatment of canola straw 
and oat hull enhanced the enzymatic digestibility of these substrates compared to 
Figure 7. 
SEM images of canola straw at magnifications 250 and 500x. (a) untreated sample; (b) alkali pretreated;  
(c) microwave-assisted alkali pretreated.
Figure 8. 
SEM images of oat hull at magnifications 250 and 500x. (a) untreated sample; (b) alkali pretreated;  
(c) microwave-assisted alkali pretreated.
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alkali pretreatment alone. MW-assisted alkali pretreatment and alkali treatment 
methods were effective in disrupting the lignocellulose structure of the biomass by 
inducing changes in their chemical compositions. The MW-assisted alkali pretreat-
ment of biomass increased the glucose yields upon enzymatic saccharification. Total 
glucose yield overall was higher with KOH pre-treatment compared to pre-treat-
ment with NaOH in both feedstocks. Therefore, based on the results presented, the 
MW-assisted alkali pretreatment was an efficient pretreatment method of canola 
straw or oat hull substrate for bioethanol production. Subsequently, treatment 
variables of MW-assisted alkali pretreatment will be optimized to improve glucose 
digestibility in the future.
Acknowledgements
The authors acknowledge the financial support received from the Tertiary 
Education Trust Fund (TETFund) through Enugu State University of Science and 
Technology (ESUT) Nigeria, BioFuelNet Canada, and Agricultural and Agri-Food 
Canada – Saskatoon Research and Development Centre (AAFC-SRDC) for allowing 
to use the laboratories and facilities for chemical composition and saccharification 
analysis.
Conflict of interest
The authors declare no conflict of interest.
© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
14
Alkaline Chemistry and Applications
References
[1] Liu T, McConkey B, Huffman T, 
Smith S, MacGregor B, Yemshanov D, 
Kulshreshtha S. Potential and impacts 
of renewable energy production from 
agricultural biomass in Canada. Applied 
Energy. 2014;130:222-229. https://doi.
org/10.1016/j.apenergy.2014.05.044.
[2] Smith D. Brief overview of biofuels 
reports 2 and 3 [Internet]. McGill 
University, Montreal QC: Biofuelnet 
Canada. 2013. Available from https://
biofuelnet.ca/advanced-biofuels-
course/ [Accessed: 30 October 2018].
[3] Araujo K, Mahajan D, Kerr R, 
da Silva M. Global biofuels at the 
crossroads: An overview of technical, 
policy, and investment complexities 
in the sustainability of biofuel 
development. Journal of Agriculture. 
2017;7(32):1-22. https://doi.org/10.3390/
agriculture7040032
[4] BP. Statistical review of world 
energy London UK [Internet]. 2016. 
https://www.bp.com/content/dam/
bp/pdf/energy-economis/statisticsal-
review-2016/bp [Accessed: 13 
November 2018].
[5] REN21 (Renewable Energy 
Network for the 21st Century). 





[6] Tompsett GA, Li N, Huber GW. 
Catalytic conversion of sugars to fuels. 
In: Brown RC, editor. Thermochemical 
processing of biomass: conversion into 
fuels, chemicals and power. 1st ed. 
John Wiley and Sons Ltd, West Sussex, 
UK; 2011. p. 232-279. https://doi.
org/10.1002/9781119990840.ch8
[7] Singh A, Bishnoi NA. Enzymatic 
hydrolysis optimization of microwave 
alkali pretreated wheat straw 




[8] Sarkar N, Ghosh SK, Bannerjee S, 
Aikat K. Bioethanol production 
from agricultural wastes: an 
overview. Renewable Energy. 2012; 
37:19-27. https://doi.org/10.1016/j.
renene.2011.06.045.
[9] Singh A, Singh N, Bishnoi NR. 
Enzymatic hydrolysis of chemically 
pretreated rice straw by two indigenous 
fungal strains: A comparative study. 
Journal of Scientific and Industrial 
Research. 2010;69:232-237. http://nopr.
niscair.res.in/handle/123456789/7385
[10] Lever M, Ho G, Cord-Ruwisch R. 
Ethanol from lignocellulose using crude 
unprocessed cellulase from solid-state 
fermentation. Bioresource Technology. 
2010;101:7083-7087. https://doi.
org/10.1016/j.biortech.2010.04.012
[11] Whalen J, Xu CC, Shen F, Kumar A, 
Eklund M, Yan J. Sustainable biofuel 
production from forestry, agricultural 
and waste biomass feedstocks. Applied 
Energy. 2017;198:281-283. DOI: 
10.1016/j.apenergy.2017.05.079
[12] Agu OS, Tabil LG, Meda V, 
Dumonceaux T, Mupondwa (2018), 
Pretreatment of crop residues by 
application of microwave heating 
and alkaline solution for biofuel 
processing: a review. In: Jacob-Lopes E, 
editor. Renewable resources and 
biorefineries, IntechOpen Ltd, London 
UK; 2018. p. 1-21. DOI:10.5772/
intechopen.79103
[13] Choi DW, Dispirito AA, 
Chipman DC, Brown RC (2011). 
Hybrid processing. In: Brown RC, 
editor. Thermochemical processing 
of biomass: conversion into fuels, 
chemicals and power, 1st ed. John 
15
Enzymatic Saccharification of Canola Straw and Oat Hull Subjected to Microwave-Assisted…
DOI: http://dx.doi.org/10.5772/intechopen.96394
Wiley and Sons Ltd, West Sussex, 
UK; 2011. p. 280-306. https://doi.
org/10.1002/9781119990840.ch9
[14] Alvira P, Tomas-Pejo E, 
Ballesteros M, Negro MJ. Pretreatment 
technologies for an efficient  
bioethanol production process based 
on enzymatic hydrolysis: a review. 
Bioresource Technology. 2010;101: 
4851-4861. https://doi.org/10.1016/j.
biortech.2009.11.093
[15] Aguilar-Reynose A, Romani A, 
Rodriguez-Jasso RM, Aguilar CN, 
Garrote G, Ruiz HA. Microwave 
heating processing as alternative of 
pretreatment in second-generation 
biorefinery: an overview. Energy 
Conversion Management. 2017;136: 
50-65. https://doi.org/10.1016/j.
enconman.2017.01.004
[16] Hamzah F, Idris A, Rashid R, 
Ming SJ. Lactic acid production from 
microwave-alkali pretreated empty fruit 
bunched fibre using Rhizopus oryzae 
pellet. Journal of Applied Sciences. 
2009;9: 3086-3091. DOI : 10.3923/
jas.2009.3086.3091
[17] Ethaib S, Omar R, Kamal SMM, 
Biak DRA. Microwave-assisted 
pretreatment of lignocellulosic biomass: 
A review. Journal of Engineering 
Science and Technology. 2015;97-
109. https://doi.202/SOMCHE%20
2014_2_2015_097_109.pdf
[18] Xu J. Microwave pretreatment. 
In: Pandey A, editor. Pretreatment of 
biomass: processes and technologies, 
Elsevier, Waltham, MA; 2015. p. 
157-172. https://doi.org/10.1016/
B978-0-12-800080-9.00009-8
[19] Agu OS, Tabil LG, Dumonceaux T. 
Microwave-assisted alkali pretreatment, 
densification and enzymatic 
saccharification of canola straw 
and oat hull. Bioengineering. 2017; 
4(2):1-33. https://doi.org/10.3390/
bioengineering4020025
[20] ASABE. ASAE Standard S358.2. 
Moisture Measurement – Forages. In 
ASABE Standards; American Society of 
Agricultural and Biological Engineers: 
St. Joseph, MI USA; 2006. p. 1-2. [google 
Scholar]
[21] Sluiter A, Hames B, Ruiz R, 
Scarlata C, Sluiter J, Templeton D, 
Crocker D. Determination of Structural 
Carbohydrates and Lignin in Biomass. 
National Renewable Energy Laboratory 
NREL/TP-510-42618, Golden, CO, U.S; 
2007. p. 1-15. [google Scholar]
[22] Iroba KL, Tabil LG, Sokhansanj S, 
Meda V. Producing durable pellets 
from barley straw subjected to radio 
frequency-alkaline and steam explosion 
pretreatments. Intern. Journal of 
Agricultural and Biological Engineering. 
2014;7(3):68-82. DOI: 10.3965/j.
ijabe.20140703.009
[23] Xiao Z, Stroms R, Tsang A. Micro-
plate-based filter paper to measure total 
cellulase activity. Biotechnology and 
Bioengineering. 2004;88(7):832-837. 
DOI: 10.1002/bit.20286
[24] Wood TM, Bhat KM, Willis AW, 
Scott TK. Methods for measuring 
cellulase activities. Methods in 
Enzymology. 1988;160:87-112. https://
doi.org/10.1016/0076-6879(88)60109-1
[25] Selig M, Wesis N, Ji Y. Enzymatic 
saccharification of lignocellulosic 
biomass. National Renewable Energy 
Laboratory NREL/TP-510-42629, 
Golden, CO, U.S.A; 2008. p. 1-5. [google 
Scholar]
[26] Lan TQ , Lou H, Zhu JY. Enzymatic 
saccharification of lignocelluloses 
should be conducted at elevated pH 
5.2-6.2. Bioenergy Research. 2013;6:476-
485. DOI 10.1007/s12155-012-9273-4
[27] Iroba KL, Tabil LG. Lignocellulosic 
biomass feedstock characteristics, 
pretreatment methods, and pre-
processing of biofuel and bioproduct 
Alkaline Chemistry and Applications
16
applications. US and Canada 
perspectives. In: Zhang B, Wan Y, 
editors. Biomass processing, conversion 
and biorefinery, Nova Science Inc., New 
York; 2013. p. 61-98.
[28] Saha BC, Nicholas NN, Qureshi N, 
Cotta MA. Comparison of separate 
hydrolysis and fermentation and 
simultaneous saccharification and 
fermentation processes for ethanol 
production from wheat straw by 
recombinant Escherichia coli strain 
FBR5. Applied Biochemistry and 
Biotechnology. 2011;92:865-874. https://
doi.org/10.1016/j.biortech.2011.09.041
[29] Kashaninejad M, Tabil LG.  
Effect of microwave: chemical 
pretreatment on compression 
characteristics of biomass grinds. 
Biosystems Engineering. 2011;108: 
36-45. https://doi.org/10.1016/j.
biosystemseng.2010.10.008
[30] Kumar P, Barrett DM, Delwiche MJ, 
Stroeve P. Methods for pretreatment 
of lignocellulosic biomass for efficient 
hydrolysis and biofuel production. 
Industrial and Engineering Chemistry 
Research. 2009;48:3713-3729. https://
doi.org/10.1021/ie801542g
[31] Taherzadeh MJ, Karimi K. 
Pretreatment of lignocellulosic waste to 
improve ethanol and biogas production: 
a review. International Journal of 
Molecular Sciences. 2008;9:1621-1651. 
https://doi.org/10.3390/ijms9091621
[32] Roy S, Sengupta S, Manna S, Das P. 
Chemical reduced tea waste biochar 
and its application in treatment of 
fluoride containing wastewater: batch 
and optimization using response 
surface methodology. Process and 
Safety Environmental Protection. 2018; 
116:553-5563. https://doi.org/10.1016/j.
psep.2018.03.009
[33] Senol H, Ersan M, Gorgun E. 
Optimization of temperature 
and pretreatments for methane 
yield of hazelnut shells using the 
response surface methodology. 
Fuel. 2020;271:117585. https://doi.
org/10.1016/j.fuel.2020.117585
[34] Rodrigues THS, Rocha MVP, de 
Macedo GR, Goncalves LRB. Ethanol 
production from cashew apple 
bagasse: Improvement of enzymatic 
hydrolysis by microwave-assisted alkali 
pretreatment. Applied Biochemistry 
and Biotechnology. 2011;164:929-943. 
https://doi 10.1007/s12010-011-9185-3
[35] Hu Z, Wen Z. Enhancing 
enzymatic digestibility of switchgrass 
by microwave-assisted alkali 
pretreatment. Biochemical Engineering 
Journal. 2008;38:369-378. https://doi.
org/10.1016/j.bej.2007.08.001
[36] Rawat R, Kumbhar BK, 
Tewari L. Optimization of alkali 
pretreatment for bioconversion of 
poplar (Populus deltoides) biomass into 
fermentable sugars using response 
surface methodology. Industrial 
Crops and Products. 2013;44:220-
226. http://dx.doi.org/10.1016/j.
indcrop.2012.10.029
[37] Binod P, Sindhu R, Singhania RR, 
Vikram S, Devi L, Nagalakshmi S, 
Kurien N, Sukumaran RK, Pandey A. 
Bioethanol production from rice straw: 
an overview. Bioresource Technology. 
2010;101:4767-4774. https://doi.
org/10.1016/j.biortech.2009.10.079
